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Nuclear Modification in d+Au PH.ENIX

® The d+Au measurements at RHIC have served as the reference system to
investigate Cold Nuclear Matter effects.

Observe little or no modification at mid-rapidity, but significant suppression
with increasing rapidity (decreasing parton fraction Xx).

Explanations: Shadowing, initial energy loss, gluon saturation,... pypNrx 7
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Nuclear Shadowing PH ENIX

Proton Parton Distribution Functions

1 %
PDFs (from fits to ep@HERA) Ratio Nuclear nPDF to proton PDF*A

—— 2
= [P == H1PDF 2009 Nuclear PDF = proton PDF R.”(x,0%) = *G,(x,Q 2)
% 10| Q®=1.9 GeV* 1 AxG ,(x,07)
Extract nPDFs by ) 1.5 B antishadowing Fermi-
fit to data on nuclei: Ykt rese s e : motion
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DIS+DY+RHIC(d+A) L0
<T

m'@
| 0.6
Yo

EMC-
effect “=+Ye

_ T s Shadowing
X [ d) == H1PDF 2009 : :
& 10 [ Q%=10GeV? 1 0.2 X, X
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The Color Glass Condensate PH ENIX

= High density @ low-x leads to

1075
Saturation recombination of gluons, hence
1074 O suppression.
= Characterized by Saturation scale Qg

103 | Central
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O = s = %os| L
'_g.“ @
] . .

o E * Nuclear Amplification xG,=A'’xG
z )
5 0 @ RHIC-2.5 GeV? (centrality dependence)

. AR = Region of importance: low-x
I I ! ! . qe
1 2 3 5 10 (forward rapidity)
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Canecone “Leghnoee-

See e.g., F. Gelis, E. lancu, J. Jalilian-

Mechanism for Marian, R. Venugopalan, arXiv:1002.0333

gluon saturation
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Parton kinematics in 2->2 process PH ENIX

d Yau = %(8% +e) Ya,Pr
® — N /xz
xl x2 \
Y3, P1

Example: Require Parton 3 in Forward direction 3<y;<4 gives
variation of X, with y, of parton 4

Yq

Select y of parton 4:
10" Mid-rapidity y,~0
Mid-Fwd: x, ~10-2
¥ Forward y,~3:
Fwd-Fwd x, ~10-3

| lIIIIlI ] IIIIIII_I-
2

10
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Decrease x, with
L L 1 .
50 decreasing py

o
8
T
w
N
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Singles vs. di-Hadrons PH ENIX

Guzey, Strikman, Vogelsang, PL B603, 173
T | [ I | I T I I | I I | | | T I I I

pT,l = 2.5 GeV

500

—— PP
X dAu, shad.1

Forward Single Hadrons
p:=2.5 2.5<1<3.5

400 1.5 < pyp < 2.5 GeV

25 <m, <35

|

300
7, arbitr.

- Forward di-Hadrons

Probe:
—>Narrower x-range
—> Smaller mean x,

200

100
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PHENIX Detector at RHIC PH.ENIX

200 e ~ For this presentation:
PC3 Central \
Magnet TEC
T d+Au at 200 GeV
= Central Arms |n| <0.35:

g n”’s in EM Calorimeters

3 Hadrons (tracking)

jase]

= Muon Arms
| ntV’s in Muon Piston Calorimeter
West Beam View East B
: = Beam-Beam Counters
Central Magnet @ 9[)-01:!—10 . .
. g .., Centrality selection
= mol iN d+Au with BBC
: wooi- “Multiplicity” 3<|n|<3.9
2)(‘ South ZDC Non-hi 5n-nu: 60-88%
MulD 40007 40-60%
3000/ 20-40%
2000
Y South Side View North 05 20 40 50 20 00
o 185m= 60t = Qg
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PHENIX Muon Piston Calorimeter _ PHENIX
PH ENIX

Au (backward -y) i *

o
-

Mid-Fwd, x, ~(0.008-0.040)
Fwd-Fwd, x,,~(0.0008-0.005)

Small cylindrical holes in Muon Magnet Pistons, Radius 22.5 cm and Depth 43.1 cm




MPC Particle Identification PH: ENIX

= ID ®t® up to E ~ 25 GeV with MPC 3.1< |n| <3.9 _
PH-<ENIX Preliminary

Limitations: tower separation and merging effects \s = 200 GoV prp - 10 + X
Use nt% for 7 GeV <E <22 GeV -> py max ~2 GeV/e 10
N’ s to high p; i
= Single Clusters for E > 15 GeV

<
(O]
Q)
Q L
Dominated by 70 (~ 80%) -> Access higher p, = | 20<n<34
G
mb
©
L

® PHENIX «°
®m Brahmst n=3

10k A Brahmsn'n =33

=  Good agreement between PHENIX MPC nt¥ and
BRAHMS = at n~3.2 for p+p at 200 GeV

0> yy o'
‘)ﬁ ‘ - _ ; > mass_N0.60-0.75 =SR] ‘.
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SIS
*: - 7 y soo[- .
" North MP€ | .
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T~ l ||||||||| E 0 0.5 1 |5 ) iyt
ﬁ é~ Merg ed Y ool g e e e P, (GeVic)
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7° Ry, Centrality, Rapidity Dependence  pH ENIX

1 d2NHAY [dprdy

m R, withx'in MPC Riau = 75—
dAu WA= WNeont) 2NPTP /dprdy
PHVENIX Preliminary PH\/ENIX Preliminary
. \'s =200 GeV d+Au, p+p = + X \'s = 200 GeV d+Au, p+p = 1t + X
® Suppression < <2
. . o 3.0<n<34 (a ol § 34<n<3.8
increases with: 1.8] ® diAu 0-20% 1.8] ® d+Au0-20%
Increasing 1-6:' B d+Au 20-40% 1-6:' B d+Au 20-40%
centrality 14F A d+Au40-60% [[ 1.4F A d+Au 40-60%
Increasing rapidity 1.2} ¥ d+Au 60-88% W] 1 .2; ¥ d+Au 60-88%
Decreasing p | L "7 | L STt
: : 0.8F El 0.8F 4
m [.e., with decreasing : EIEI E% ; EIEl T
X 4, OF increasing g T B @ik
Au | m E | E i
: 0.4F o = ] 0.4f [a]
thickness. F ™ g : mmmgé
[ L Y
oo 0.2F 0.2F
® More detail with L mme
. . ollllllllllllllllllll Ollllllllllll | I T I I |
correlation studies. 0O 05 1 15 2 25 0 05 1 15 2 25
p. (GeV/c) p. (GeV/c)
T T
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di-Hadron (di_Jet) A¢ Correlations PH ENIX
B Mecasure A¢ of all particle pairs trigger
Trigger particle (usually leading p,) """ Ad

Associate particle (lower p;)
T .
aSSOCIate S.S Adler et al, Phys. Rev. C

Near side Associate particles 73:054903.2006.
Away side Associate particles e 02 1 s <asoee]
z" -ﬁ. 1
“Conditional Yield” ' -

dN assoc

N
CY = pair f dAd V.. Near side , ro(rad
N triggassoc trzg dA¢ j

Number of correlated particle pairs per trigger
particle after corrections for efficiencies, PID
background, and subtracting uncorrelated
background.
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Pair Nuclear Modification Factor: J PH-“ENIX
We define the di-Hadron or “Pair Nuclear j = 1 o azz /O
Modification factor” J 4, (Neon) 3" 10,
Completely analogous to the Hadron R, = 1 szij /Oy
Singles “Nuclear Modification factor” R, (Neon) O 10,
- - CY,

One can show J_ =1 ;’Zg % R Zig where [, = dA

cY,,

For di-Hadron studies, I, has been used most frequently.

 Indicators of nuclear effects with pair measurements:
¢ Jia <1, justaswith Ry, <1

* Angular broadening of correlation width - new feature
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An Aside: The problem with |, PH-“ENIX

While the pair Yield, and J,,, are independent of the trigger/associate
particle label, the CY and I,, do depend on the label.

]fi/vd Lrig [WIld Lrig

]de Jrig _ JdA /RdA ]I’I’Zld JIrig _ J /Rmzd
Same pair Yield, J,,

1,4 Fwd-rapidity trigger /\ Ass}cgéﬂ%{i;ﬁili}ﬂfg,}“gger—

3 _d+Au and p+p Collisionsy/s = 200 GeV C
- Trigger Particle: |n | < 0.35
C 00-20% data: 0.75<p""%**" <1 GeV 3.1<n" **q3.7; |y """ 1.8
55 o ata: ISPy A B - e % pT =2.0-5.0 GeV/c
T 1.6 h*-: pT = 1.0-2.0 GeV/c
- N 1.4 :_ riggern® pT scale uncertainty 5%
2— PH ‘ENIX -
C Preliminary 1.2 e pT scale uncertainty 10%
=] - C =
.50 T
: + 0.8t
|l T e T T T T TR L L EE L L L LT TP ERITRELEELLLy -
- 0.6
0.5- 0.4
C o2k PHENIX
0: | | | | | | ““r PRELIMINARY
R —— B — EE— — EE— _] 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 0.5 1 2.5 3 3.5 0
<r;|r;§ [Ge%lc] 4 6 8 N1o 12 14 16

coll
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Mid-Forward di-Jets with An ~ 3.4 PH ENIX
P ST AN
PHENIX central A I EREESEE .\
spectrometer magnet ST NENENE
For p+p: x, ~ 102 S| NN
(d+Au A3 effect) s O o e
Muon Piston '
| Calorimeter (MPC) i
d _
Au
n® or h*-
Backward Forward
direction Side Vi direction
iae view
(South) € (North) >
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Mid-Forward Per-Trigger Correlations PH ENIX

® Mid-Forward n’-x Correlations; Mid-rapidity triggered
Central d+Au shows suppression

No broadening apparent
|nm‘d| <0.35, 'r]de =3.0-3.8

IIIII I Ill I I LI IIIIIIIIIIIIIIIIIII IIIII_

YT Y
0,06;_ 2 5-3 ® 0 5- 0 75 GeV/c 3-4 :> 0 5 0.75 GeV/c 4 71® 0.5-0.75 GeV/c -
- - O p+p
= 0.05F A d+Au 60-88 %
T - @ d+Au 0-20 %

fwd

= .

“=70.04F O ]
= - 070 @@ é

= 001 1 O i$ ;
30.035 @2 :42 b . 5T E
= 0.02F L R o :
7o ces '.? oo’ 4o ¢$i¢¢¢’i’ b

2 Eogd ?? Q

llllllllllllllllllll

2
An ~ 3.4 = No nearside Ao (
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- mid fwd P A=

Mid-Fwd J s, VS N iy PT™Y Pt PH "ENIX
MPC =’ p Mid-Forward i
"""""" Tyt midT T T 0 pymid | ]
\lilpf;vd = 0.5-0.75 GeV/cLwa i o I())T:l Gev/ " [;'T: + GeV/e
. . . T D= ev/c S L) ev/c

B Mid-Fwd pair J,, with 15— _ “7 m12GeVie O 34GeVie

70 in MPC; Mid 20, h*" [ o 4246/47”/7

= Suppression increases 0.5 o) i3 __GD!!EE ﬂgﬂEEw*

With: 2_. T S S S S — ; e § —t :_:_

| ! = 0.75-1.0 GeVie 1

Increasing N_ A5 H

Decreasing p™id =t -+

Decreasing pWd 0.5

m Le., with decreasing x,, 2
or increasing thickness, 15
just like R4, 1

m Look at y-dependence 0.5

1 L L L 1 L L L 1 L L s 1 L L L 1 L L " 1 "

5, -
Peripheral 'O <N .> Central 60

coll
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Forward-Forward di-Jets at n ~ 3.2 PH-"ENIX
P SR S
PHENIX central Lot
For p+p: x, ~ 10° spectrometer magnet 'C‘ 7 Mostly
S UST Merged :rcos
(d+Au A3 effect) oL IL LT
Muon Piston ‘ ' ’ ’
Calorimeter (MPC) i B "
| clusters i i :
Au
Backward Forward
direction Side Vi direction
iae view
(South) € (North) >
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Fwd-Fwd Per-Trigger Correlations PH ENIX

® Forward rapidity Cluster-a® Correlations
Use Zero-Yield at Minimum to subtract BG
Central d+Au shows significant suppression
Possible angular broadening in central d+Au  pelusa0 = 3 (-3.8

0.1 1.1-1.6 D 0.5-0.75 GeV/c ][ 1.6-2[9 0.50.75 GeVie 1[2-5[9 0.5-0.75 GeVic

2, Op+p I I :
S 0.08 A d+Au 60-88 T I + _‘
® ® d+Au 0-20%] I ‘

=
)
=)
T L} T I T T
32
O~ @
|
1
|
1
!

1/N,, d°N/d(A¢) dp
—
5
®
o
. |
——
-
O
—
- O
- O
- -0
e o
—
> —
+
r—p—s
—@—
—Pc—

=
>
()
CN B
L3
3]
o
O
- O
: > O
- 3,
- |
|
—
-
@
>
@
-
I

_lc
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MPC =’ p;

] \02, ,,,,,, Forward-Forward
® Fwd-Fwd pair J with 7t v _ g . I | | " Cluster p™" %
dAu |l =0.5-0.75 GeVie o 1

: YRI 70 @ 1.1-1.6 GeV/e
and Cluster in MPC 1§ : " 1.6-2.0 GeV/c™
1§ A 2.0.5.0.GoVle. ]
B Suppression increases i
with: 05 [oA~ RN 0
Increasing N, Al = 07514 Gevie ' H
: 1.5 +
Decreasing p : |

— il
Increasing vy, 1.¢. -

¥

“gOing fOI V‘/ ard,, E : —_—t E} — :_E_
3 | fwd:W-l 5GeVic Y . :
ot [pr = {1 ; PH-<ENIXEreliminary

m [e., with decreasing x,,, 14~ m T
or increasing thickness, I L A - DO SR i
just like R, 05 T ﬂ . ﬂ 4

N SO, what has been learned ‘===t 1515 Fr e
bGYOl’ld Rd Au ? Peripheral .O <Nean> Central 60
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Systematize Jj,, Results PH ENIX

® The advantage of the pair measurement
is that it constrains the kinematics.

B Estimate 2->2 parton kinematics

ignoring fragmentation effects, 1.e. X, = &(e—ys +e) Va Dy
M;~Y3, My~Y, (not bad...) Vs ’
Ad g X Au
Pr =Pri/2,= Pr/2z, ¢ Setz=1 4
B Calculate <x, > estimate as if V3. Pr

hadrons=partons using bin averages:

frag _ <I9T1>e_<m> +<PT2>€_<n2> " Vs M.Pti
Yau = X
Au \/; xdﬁ “1
" P12

® PlotJ,,, vs. x™¢ variable
Expect that x'"¢ underestimates x ,

But if <z>~constant then x2¢ will
be roughly proportional to <x, >
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X, ™9 Dependence of J PH “ENIX

Mid-Forward

< >
- 60_88% Trig p;: 0.5-7 GeVie
- LI (Peripheralﬁﬁ - ' %
< |
- | ﬁ
0-20%
107! — (Central)
E xfrag _ <pT1 >e_<m> + <pT2 >e_<n2>

Au \/g

107 xITag 1072
. Au
B Results show systematic dependence of J;, , over large x, , range.

No suppression for peripheral d+Au
Suppression for central d+Au increases strongly with x/%

B Interpretation? Indicates very strong shadowing effect. CGC?

Note: points for mid-fwd JdA are offset for visual clarity
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Large Shadowing effect PH-“ENIX
RAu( Q )_ X(JAu(x Q )
AxG ,(x ,0%)
Mid-Forward :
I i + _____ 60-88% _____
1 — — (Peripheral)
E o [
st + 0-20%
= L — (Central) | i b:C—lOO% %
i f «—— Suppression beyond L Q24 GeV?
- shadowing expectation? -
e
A ab—cd
PR/ L R W CH LS I ()85 ®D(.z,)
d4 — airs : : ab—cd
Ncoll Gp /G a b ;"
< > pp pp fp (xp)®fp (Xp)@?()' ®D(Zc92d)
ngh X mostly quarks ----------------------------------------------
Weak effects expected Low x, mostly gluons — ] JA ~Imeasures RGA“
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Summary PH . ENIX

® The observed suppression of hadron yields at forward rapidity in d+Au collisions
at RHIC has confirmed interesting cold nuclear matter effects at small x.

® Di-Hadron correlation measurements allow to further investigate the suppression
with better constraints on the kinematics (fix range of relevant x values).

® Di-Hadron correlations at forward rapidity probe very low x values and indicate
very large suppression.

New input to nPDFs? Perhaps confirming Color Glass Condensate picture of
Gluon Saturation?

® In order to understand the results in Pb+Pb collisions at the LHC, it will be
essential to understand the cold nuclear matter effects which may be large.

At fixed p; - mid-rapidity at the LHC probes the same x-region as forward at
RHIC where we see strong cold nuclear matter effects.
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ni¥ (trigger,central)/n® (associate,forwatid)enix

3.0 <py<5.0 <Pp>=0.55  <p,>=0.77  <p,*>=1.00
GeV/c for all plots . M
p+p 1500 *r
g 1000
.Q 500
= R .
Q 2200 200F
Q 2000 180F +
LE “r N
d+Au 60-88% " = - *
S = ut
] = :
s % B B e e L e e S B S
NV .. _
k E 800
k 8000 3 oE_ ook
S . o
d+Au 0-20% b so80 20002— 500
p, m? o .

DF, Jub sty :
> A¢ * PHENIX Preliminary
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Correlation Widths, d+Au and p+p PH ENIX

Trigger n°: |n| < 0.35, 2.0 < p; < 3.0 GeV Trigger n’: |n| < 0.35, 3.0 < p; < 5.0 GeV

1.6
1.6 Associate Particle: 3.1 < | n| < 3.9 Associate Particle: 3.1 < || < 3.9
® ppn pp n°
®  dAu0-20% n°
14 ®  dAu40-88% n° 1.4 ®  dAu0-20% L

A ¢ Width (rad)
o -

o
T ml

0.4

0.2

0

o] pp Cluster

o] dAu 0-20% Cluster

O dAu 40-88% Cluster
Correlated Systematic Error

3 dAU 40-88%P

Trigger pT scale uncertainty 5%

Associate pT scale uncertainties 10%

PHENIX
PRELIMINARY

0.\5 N o N \1\ [~ [~ 1 5\ 2

p, assoc (GeV/c)

-
N

—

A ¢ Width (rad)
o o
o [}

o
=N
T T T

o
¥

- Associate pT scale uncertainties 10%

dAu 40-88% n°
o] pp Cluster
O dAu 0-20% Cluster
O dAu 40-88% Cluster
Correlated Systematic Error

Trigger pT scale uncertainty 5%

PHENIX
PRELIMINARY

0

1 5
p, assoc (GeV/c)

*Widths are consistent between p+p and d+Au (all centralities)
within large statistical and systematic errors
*No broadening seen (within errors)

Forward Di-Hadron Correlations in PHENIX
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